China; these were obtained from a trading company and a wholesaler. The other groups were test samples prepared by using one Welsh onion; they were used to predict the geographic origin of samples excluding SIMCA2. This is because one must determine the geographic origin of one Welsh onion for practical application, and the efficiency of a model is evaluated by the accuracy of the predictions. The second group was test samples prepared by using one Welsh onion harvested in known production areas from June 2001 to June 2003. This group consisted of two subgroups described below. 2-1: Fourteen test samples harvested from 14 areas in Japan; 11 samples were prepared from Welsh onions of the same lot as samples in subgroup 1-1. 2-2: Twenty-five test samples harvested from three areas (Anchiu Shandong (8) , Shanghai (9) and Amoy Fujian (8) in China); 20 samples were prepared from Welsh onions of the same lot as subgroup 1-2. The third group was test samples prepared by using one Welsh onion purchased at retailers from September 2002 to July 2003. Some Welsh onions may have been falsely labeled as produced in Japan, the accuracy of predictions cannot be evaluated using these samples because Welsh onions labeled as produced in China can be considered to be authentic since Japanese consumers do not have a good image of imported Welsh onions, which are sold at about half the price of Japanese Welsh onions. This group consisted of two subgroups described below: 3-1: Twenty-four test samples labeled as produced in Japan; they were purchased from 22 retailers in 12 cities in Japan. 3-2: Fifty test samples labeled as produced in China; they were purchased from 33 retailers in 15 cities and one town in Japan.
Methods
Sodium was determined by flame atomic absorption spectroscopy (FAAS: SOLAAR 969, NIPPON Jarrel-Ash Co. Ltd., Japan). Ten elements (P, K, Ca, Mg, Mn, Fe, Cu, Zn, Sr and Ba) were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES: JICP-PS3000UV, Leeman Labs, USA). Eleven elements (Al, Co, Ni, Rb, Mo, Cd, Cs, La, Ce, Tl and Pb) were determined by inductively coupled plasma mass spectroscopy (ICP-MS: JMS-PLASMAX2, JOEL Ltd., Japan).
These 22 elements in samples prepared with the lower part ( Fig. 1 ) of 25 Welsh onions were determined by the procedure described in a previous study, 16 including 1% HCl extraction for Na and open-vessel wet acid digestion for other elements. That for samples prepared by using one Welsh onion was determined by a modified procedure because of the small sample size (about 25 g). The same part of a Welsh onion was pulverized by a mill whose blade was coated with titanium (MJ-W100, Matsushita Electric Industrial Co. Ltd., Japan), and then mashed in a porcelain-mortar. Samples of about 2.5 g, which is half the amount for the 25 Welsh onions, were taken in Teflon beakers (n = 3). These samples were then digested with 5 ml of 68% HNO3, 1.25 ml of 70% HClO4 and 1 ml of 38% HF (each acid was ultra pure grade; Tamapure AA-100, Tama Chemical Co., Ltd., Japan) by heating on a household hotplate in the same way as for the 25 Welsh onions. The residues after digestion were transferred with 2% HNO3 into 25 ml volumetric flasks into which indium was added as an internal standard to give a concentration of 5 µg/l. These were also used to determine Na.
We determined 22 elements, but did not use measured values of Al and Pb for statistical analysis, because Al and Pb are localized in the outer layer of a Welsh onion and can easily be affected by contamination from soil or the environment. 16 
Chemometric calculation
When predicting place-of-origin of an unknown sample using some origin-known samples, chemometric techniques such as K-nearest neighbors (KNN), 2 LDA, 2,10 SIMCA 2,4 and artificial neural networks (ANN) 2,15 are often applied as suitable and effective techniques. These are supervised pattern recognition techniques that establish models with analytical data from samples known place-of-origins. In these techniques, LDA and SIMCA are parametric techniques supposing statistical distributions to models, so a lot of statistical information such as effectiveness of variables and a probability of discrimination for a case can be obtained, although it is necessary for a distribution of a group to be localized in a space. In this study, owing to predictions based on statistics and available statistical information, LDA and SIMCA were applied.
LDA was carried out by using STATISTICA Pro 2000 application software (StatSoft Japan Inc., Japan). In this program, coefficients of canonical variates are derived based on the maximization of the correlation between canonical variates in what is called canonical correlation analysis. 17 Actually, these coefficients are equivalent to coefficients of canonical functions that define hyperplanes that separate each group. At the same time, group classification functions are derived. These are linear discriminant functions that are introduced for each group; a case will be classified into the group for which the score is largest. 17 We performed a backward stepwise regression in order to reduce the number of variables. First, we conducted the regression analysis on data including all variables. Next, as many variables as possible were removed based on an F-to-remove threshold (F-to-remove threshold was 3) specified in advance.
SIMCA was carried out using Pirouette application software (Ver. 2.0, Informetrix Inc., USA). This chemometrics technique establishes a principal component model that is called a SIMCA box for each class (it has been called a group in LDA). Next, an unknown case is applied to each model and classified. In this
872
ANALYTICAL SCIENCES MAY 2004, VOL. 20 study, we used two ways to classify cases. First, we classified cases into Japanese or Chinese Welsh onions, or into outliers based on 95% levels of significance, like an ordinary classification by SIMCA. When a case belonged to both classes, we classified it into the class that it had the higher probability of belonging to. The probability is obtained from the F-factor that is the square of the distance from a class divided by the total residual variance of the class. Secondly, like the classification into two classes by LDA, we classified cases into two classes; Japanese Welsh onions and Chinese Welsh onions. This is because some cases are classified as outliers, although every sample belonged to the Japanese or Chinese class. This classification was carried out by comparing the probability that the sample belongs to each class. Table 1 summarizes the analytical results of 103 samples for subgroups 1-1 and 1-2 from known production areas. This table shows that Japanese Welsh onions tended to have higher concentrations of Mo and Cd than Chinese Welsh onions, but lower Na, Sr and Ce concentrations. However, since these differences were small, we could not distinguish Japanese and Chinese Welsh onions simply by these concentrations alone. There were also some differences in these concentrations among Welsh onions from China. Welsh onions from Anchiu Shandong tended to have higher concentrations of Mg and Ca and a lower concentration of Rb than those from other Chinese areas. Welsh onions from Shanghai tended to have a higher concentration of Cu and lower concentrations of P, Mn, Co, Ni, Cd, Ba, La and Ce than those from other Chinese areas. Welsh onions from Amoy Fujian tended to have higher concentrations of K, Mn, Co, Zn, Rb, Cs, La, Ce and Tl and lower concentrations of Na and Ca than those from other Chinese areas. These tendencies indicated the possibility that production areas of Welsh onions could be classified into four: Japan, Anchiu Shandong, Shanghai and Amoy Fujian.
Results and Discussion

Concentration of 20 elements in Welsh onions from Japan and from Shandong, Shanghai and Fujian in China
LDA modeled on Welsh onions from Japan and China: LDA1
LDA model was established to classify Welsh onions from Japan and China with subgroups 1-1 and 1-2 from known production areas. Nine elements (Na, P, K, Ca, Zn, Sr, Mo, Cd and Ce) were chosen by the backward stepwise regression. This model is described as LDA1 in this paper. Production countries of subgroups 2-1, 2-2, 3-1 and 3-2 were predicted using obtained linear discriminant functions. Table 2 shows that the classification of subgroups 1-1 and 1-2 was 95% correct, and that the prediction of subgroups 2-1 and 2-2 was 97% correct. Furthermore, the rate of labeling matching for subgroup 3-1 was 92% and the rate of labeling matching for subgroup 3-2 was 92%. The accuracy of predictions of subgroups 2-1, 2-2 and 3-2 in which samples are from known production countries was 94%. Table 3 indicates the elements that contributed to the classification. An F-statistic and an absolute value of the normalized coefficient of a canonical function indicate good separation between groups when they are large values. They showed that Na, P, K and Sr contributed significantly to the classification.
LDA modeled on Welsh onions from four production areas: LDA2
Most Welsh onions imported from China are produced in Shandong, Shanghai and Fujian. These areas are far apart, so modeling to classify samples from four areas may be more useful in order to determine whether a Welsh onion originates in Japan or China by LDA. Therefore, we performed LDA to classify Welsh onions from Japan and from Anchiu Shandong, Shanghai and Amoy Fujian in China with subgroups 1-1 and 873 ANALYTICAL SCIENCES MAY 2004, VOL. 20 Mean  SD  RSD  Mean  SD  RSD  Mean  SD  RSD 1-2. Thirteen elements (Na, P, K, Ca, Co, Cu, Zn, Sr, Cd, Cs, Ba, Ce and Tl) were chosen by the backward stepwise regression. This model is described as LDA2 in this paper. Production areas of subgroups 2-1, 2-2, 3-1 and 3-2 were predicted using obtained linear discriminant functions for a four-group discrimination. As shown in Table 4 , the four-group discrimination correctly classified 97% of subgroups 1-1 and 1-2, and correctly predicted 90% of subgroups 2-1 and 2-2.
These results suggested that Welsh onion samples could be roughly classified into samples from Japan and three areas in China. The two-group discrimination by this model was also performed between Welsh onions from Japan and China. Table  4 shows that the classification of subgroups 1-1 and 1-2 was 99% correct, and that the prediction of subgroups 2-1 and 2-2 was 92% correct, the rate of labeling matching for subgroup 3-1 was 92%, and that for subgroup 3-2 was 90%. The accuracy of predictions of subgroups 2-1, 2-2 and 3-2 in which samples are from known production countries was 91%. As a whole, the discrimination accuracy of 192 samples excluding group 3-1 was 95% by LDA1 and 95% by LDA2. The two-group discrimination accuracy by LDA1 was slightly higher than that by LDA2, and the accuracy values obtained by both models were the same. Figure 3 classifies group 1 into four groups visually by plots of scores 1 to 3 for the canonical functions. Values of score 1 are the main factors for classifying whether Welsh onions were produced in Japan or China. Table 5 indicates that P, Sr, Cs and Tl contributed greatly to this classification. Values of score 2 were the main factors for classifying whether Welsh onions were produced in Shanghai or the other areas. Phosphorus and Cu contributed greatly to this classification. Values of score 3 were the main factors for classifing whether Welsh onions were produced in Amoy Fujian or the other areas. Phosphorus, K, Cs and Tl contributed greatly to this classification.
SIMCA between Welsh onions from Japan and China: SIMCA1
We performed a SIMCA to classify Welsh onions from Japan and China with subgroups 1-1 and 1-2. The principal component models of Welsh onions from Japan had three principal components. Those from China had two principal components. This model is described as SIMCA1 in this paper. As a result of discrimination by 95% level of significance, Table 6 shows that the prediction of subgroups 1-1 and 1-2 was 98% correct, the prediction of subgroups 2-1 and 2-2 was 77% correct, the rate of labeling matching for subgroups 3-1 was 92%, and the rate of labeling matching for subgroup 3-2 was 52%. As a result of discrimination by the probability belonged to each class, Table 6 also shows the prediction of subgroups 1-1 and 1-2 was 99% correct, the prediction of subgroups 2-1 and 2-2 was 95% correct, the rate of labeling matching for subgroup 3-1 was 92%, and the rate of labeling matching for subgroup 3-2 was 72%. In these results, the prediction accuracy of Japanese samples was high, whereas the prediction accuracy of Chinese
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ANALYTICAL SCIENCES MAY 2004, VOL. 20 Welsh onions purchased at retailers was much lower than that by LDA. As a whole, the prediction by SIMCA was not sufficiently accurate.
In SIMCA, discrimination power means how much each element contributes to classifying a case; a large value indicates a high contribution to classification. 18 Modeling power means how much each element contributes to making a principal component model of each class. A value close to one indicates that it makes a high contribution to the model, and A value close to zero indicates a low contribution. 18 Table 7 shows that Cs greatly contributed to the classification, and that Sr, Cd, La and Ce also contributed to the classification. These showed a different tendency compared with effective elements in LDA, because SIMCA and LDA are mathematically different techniques.
A set of SIMCA models on Welsh onions selected from suitable samples: SIMCA2
It is thought that modeling by SIMCA requires much more information than that by LDA because the model of SIMCA is more complicated mathematically than the liner discriminant function of LDA. However, Welsh onions from Shandong and Fujian in China used for cases of modeling were actually from the smaller areas, Anchiu in Shandong and Amoy in Fujian, although Welsh onions from China are imported from various areas in Shandong and in Fujian.
Therefore, we also incorporated 30 samples from subgroup 3-2 labeled as produced in China for modeling in order to model about samples from various production areas. Instead, the number of samples for modeling from subgroup 1-2 was reduced from 36 to 18 and that from subgroup 1-1 was reduced from 67 to 55. These samples were selected randomly; 55 samples from 67 Japanese samples of subgroup 1-1, 9 samples from 18 samples of Shandong, 5 samples from 10 samples of Shanghai, 4 samples from 8 samples of Fujian in subgroup 1-2 and 30 samples from 50 Chinese samples of subgroup 3-2. One hundred and three samples were randomly selected 10 times, and we averaged the result of each prediction by SIMCA models obtained from modeling of 10 times (Table 8 ). SIMCA models had six principal components for Japanese Welsh onions and four or six principal components for Chinese ones. A set of these models is described as SIMCA2 in this paper. The accuracy of predictions based on the probability that 192 samples belong to each class excluding subgroup 3-1 rose from 91% to 96% when samples for modeling were changed. In particular, the accuracy of predictions of Chinese Welsh onions for subgroups 1-2, 2-2 and 3-2 increased from 85% to 97%, whereas the accuracy of predictions of Japanese Welsh onions for subgroups 1-1 and 2-1 slightly decreased from 100% to 94%. Thus, the high prediction accuracy by SIMCA was achieved by suitably choosing cases of each class.
Discrimination by combined LDA and SIMCA LDA1 and SIMCA2 showed the high discrimination accuracy. So, discriminations by combined LDA and SIMCA were performed using results by these models. The SIMCA model was randomly chosen from 10 models of SIMCA2. The discrimination accuracy based on the probability of belonging to each class of subgroups 1-1, 1-2, 2-1, 2-2, 3-1 and 3-2 was 97%, 97%, 93%, 100%, 79% and 98%, respectively. Samples mistaken or not matched the labeling by both of LOD and SIMCA were two samples in subgroup 3-1 and one sample in subgroup 3-2. The cause of the mismatches for subgroup 3-2 labeled as produced in China could be analytical mistakes or incomplete modeling. The cause of the mismatch for subgroup 3-1 labeled as produced in Japan could be analytical mistakes, incomplete modeling or false labeling.
Criteria to determine the production country of a Welsh onion by combined LDA and SIMCA were framed. The criterion to be a Welsh onion from China was that both models judge it to be a Chinese one, in order to reduce the unacceptable error that a Japanese Welsh onion is judged to be a Chinese one. The criterion to be a Japanese Welsh onion was at least one model judges it to be a Japanese one. As a result, all of 81 Japanese Welsh onion samples in subgroups 1-1 and 2-1 were correctly judged to be Japanese ones. The first type error was zero. However, 8 Chinese Welsh onion samples in 111 samples of subgroups 1-2 and 3-2 were mistakenly judged be to Japanese ones. The second type error was 7%. We could thus perform cross-checks of the discrimination results by combining LDA and SIMCA. We are sure that it is possible to screen whether a Welsh onion sold in Japan is Japanese or Chinese by using LDA or/and SIMCA. 
